Conceptual design is a vital stage in the development of any product, and its importance only increases with the complexity of a design. Functional modeling with the Functional Basis provides a framework for the conceptual design of electromechanical products. This framework is just as applicable to the conceptual design of automated solutions where an engineered product with components spanning multiple engineering domains is designed to replace or aid a human and his or her tools in a human-centric process.
INTRODUCTION
During modern product design, it is becoming increasingly prevalent for designers to be required to synergistically combine elements spanning multiple engineering domains.
As technologies advance, products become less domain specific blurring the boundaries between traditional engineering disciplines.
Thus, modern product design is becoming more interdisciplinary, and it grows in importance for designers to be well versed in multiple engineering disciplines and to work in conjunction with other designers across engineering domains during all stages of design. This research aims to provide designers with a simple to follow framework to produce accurate and repeatable conceptual designs for the automation of manual processes without the need for direct focus on specific domains.
The framework established by formal functional modeling provides the tools necessary for designers to synergistically combine elements spanning multiple engineering domains during the conceptual design phase.
Designers can utilize functional modeling techniques to systematically evolve designs based on product requirements like customer needs, design objectives, regulations, and codes without muddling the design process with a concern for engineering solutions and domains. When a designer is free to consider the functional interactions of a design minus solution and engineering domain, all functional elements can be synergistically incorporated into a conceptual functional model.
It is not uncommon for designers to have difficulty with considering an engineering problem minus potential solutions as prescribed by traditional functional modeling methodologies. Also, there can be difficulty with identifying the exact functionality of all elements that might exist in a concept minus components. These obstacles can be especially true when designers are forced to think across engineering domains to conceptually build the functional model of an automated solution. Automated solutions are those that require a multi-domain synergy of components from engineering domains such as mechanical, electrical and computer to develop a type of mechatronic system with the intention of replacing or aiding a human-centric process.
Development of conceptual functional models of automation solutions intended to replace or aid humancentric processes can be simplified when designers investigate the human-centric process and the functionality of the involved elemental product. Elemental products are the key tools required for the completion of a prescribed task.
This research investigates the combining of functional models of elemental products with process models of their associated human-centric tasks to determine a conceptual functional model for an automation solution that can replace both the human and elemental product in the actual process.
To investigate the relationship between an automation solution and the process and product that an automation solution is designed to replace, six sets of automation solutions, products, and processes were initially investigated in this research. These processes include lawn mowing, mopping a floor, vacuuming a floor, cleaning a litter box, opening a garage door, and putting out a fire. Each process was chosen because there currently exists an automation solution for each of the human-centric processes. A methodology has been developed for the development of conceptual functional models for an automation solution to replace or aid the human-centric process, which is based upon the merging of the functional and process models into a single conceptual functional model. Observations are made from a presented example and six other investigated processes, and conclusions are drawn between the actual functional models for existing automation solutions and their corresponding conceptual functional models.
PRIOR WORK
Automation solutions come in unlimited styles, sizes, and uses from simple household consumer products to robotic manufacturing to otherworldly explorers.
Just like the scope and application of automation solutions can vary greatly, so to can the methodologies for their development. The current techniques for designing automation solutions fully recognize the need for synergistic blending of engineering domains. The field of mechatronics is based upon the theory of synergistic blending of mechanical, electrical, control and computer engineering to develop an automated product [1] . However, while synergistic design is recognized in principle, the actual design process often falls short in practice. It is all too common for design teams to divide into groups focusing on a single attribute or domain of the final design resulting in a number of well designed subparts that cannot properly interact together and ultimately result in a failed design. Thus, the design of the final automation solution must be iterated upon resulting in wasted time, budget overruns, and a final design that is more of a compromise of the original goals than a true realization of design objectives.
In recognition of the need for synergistic design, Middleton explains principles for the development of automation concepts that are directly applied to a chemical lab environment, and could, however, be directly applicable to any process ripe for automation [2] .
Middleton provides a five-step plan for the development of conceptual automation, which follows the process from conceptual design to implementation. The importance of gathering complete knowledge of the process to be automated is emphasized. Middleton recommends that designers "reengineer the processes for automation" [2] , and that "the best method for developing this detailed understanding is process mapping" [2] . However, while Middleton presents a basic framework for the development of automation, no rigorous methodologies for gathering information, utilizing information, and applying the information to a conceptual design is presented.
Recognizing that mechatronic systems require an integrated approach to the design process, the research of Li Chen, et al. establishes a functional modeling methodology for the representation of mechatronic systems during the conceptual design stage [3] . Jayaram, et al. then build upon the methodology developed by Li Chen, et al. providing a further refined approach to functionally represent mechatronic systems [4] . Other research on integrated conceptual design for mechatronics systems by Gausemeier et al. focuses on developing a functional modeling language specifically applicable to mechatronic systems [5] . The modeling language develops hierarchical breakdown for a conceptual design of a mechatronic system that starts with the overall subsystem and decomposes each subsystem into known system and solution elements. These functional modeling schemes, while being able to capture the interactions between various domains present in a mechatronic system, try to establish conventions that could be considered beyond the scope of the conceptual design phase and fail to present a straightforward approach to integrated system design.
In the realm of manufacturing, similar methodologies for the development of automation concepts for system automation have been put forth. Judd et al. present a methodology for manufacturing system design, which they base upon the object-oriented and rapid prototyping principles [6] . Their system, eXecutable Specification (XSpec), focuses on increasing efficiency of a design and coordinating engineering disciplines. The XSpec design process contains six-steps which start with gathering system requirements and end with final design implementation. The methodology specifies the importance of gathering customer needs and developing models of the processes; however, no specific language is presented [6] .
In an effort to increase efficiency and formalize manufacturing systems, Gu et al. propose a four phase methodology for a systematic design approach to manufacturing systems. Their methodology starts by defining system requirements including system functionality. During the second phase, functionality is correlated to process variable and design parameters to assist in development of concepts. The third phase focuses on the configuration design specifying system arrangement, and the fourth, final phase sees the development of a detailed system design [7] . This process however does not present a strict functional language, instead defining function more in terms of final process objectives thus missing the benefits of formal functional modeling languages.
Conceptual design methodologies for designing automation solutions would all benefit from the application of functional and process modeling techniques.
Conceptual design is already difficult enough without muddling the process with difficult modeling techniques.
This research proposes a straightforward six-step methodology using functional and process modeling with the Functional Basis. The methodology is built upon reverse engineering techniques and applies existing process and product information to develop an integrated conceptual design for automation of manual processes.
RESEARCH APPROACH
When a designer creates a conceptual functional model for an automation solution, there are numerous variables that must be considered. Designers must address objectives and customer needs as well as a large array of design functionality required to complete the black box functionality for a given automation solution. Combining required functional elements into a complete automation solution can be overwhelming. Frequently, reverse engineering processes and products into functional elements is simpler than building complete conceptual functional models from scratch. This research develops a methodology to lessen the burden on a designer by providing steps based on reverse engineering principles, to functionally combine a process and its associated tool into a complete conceptual functional model.
Model Development
In order to apply reverse engineering principles, it becomes important for a designer to understand modeling methodologies. For the purpose of this research, functional and process modeling with the Functional Basis are implemented [8] [9] [10] . Functional modeling methodologies are a proven design tool found in many engineering texts and allow a designer to consider how a design will work without the need to consider components to solve given design aspects [11] [12] [13] [14] [15] [16] [17] [18] [19] . Process modeling expands the scope of standard functional modeling to consider a series of events occurring both spatially and temporally [9] .
Functional modeling, as outlined by Stone et al. in Development of a Functional Basis for Design, allows a designer to create a description in the form of a model describing a product based solely on its functions and flows [8] . Traditionally, a functional model consists of at least two levels of detail, a high level black box model describing the overall functionality and a low level subfunctional model that details changed functionality of each flow from the high level black box model. The sum of functions and flows in the sub-functional model collectively describe how the overall functionality will be achieved. Traditionally, functional modeling is a design tool for describing functionality of a design concept; however, because of the rigidity of structure and ability to describe product function with or without known components, its methodologies still provide a useful set of guidelines for product dissection and reverse engineering.
The steps to developing a functional model, in abbreviated form are:
1. Generate a black box model. 2. Create function chains for each flow. 3. Aggregate function chains into a functional model.
Process modeling, outlined in A Process Modeling Methodology for Automation of Manual and Time Dependent
Processes by Nagel, et al., expands functional modeling to consider events that occur spatially over a set time period [9] . Process models, like functional models, are typically constructed in two or more levels of detail. At the highest level of detail, black box process models are constructed either as a single representative process event or as a series of process events occurring consecutively. Consecutive process events are referred to as stations. Each station is then decomposed at least once into a sub-process model representing the functional changes that occur to each of the flows through the station. The five steps to developing a process model, in abbreviated form are: Tables 1 and 2 , provides a standardized taxonomy of flow and function terms in three increasing levels of detail: primary, secondary, and tertiary [10] . A lexicon such as the Functional Basis provides consistency of terms between functional and process models, thus increasing model decipherability and consistency.
By using a single taxonomy for all functions and flows in both the process and its products, direct comparisons can be made between the process and products, and overall process information can be extracted. A designer can apply functional and process modeling techniques to reverse engineer both a process and its tools as a means to collect information and reinforce customer needs and automation objectives. Gathered and extracted information from functional and process models can be divided as chunks that can be directly aggregated to create new design solutions. Process models can provide interaction information concerning the application of vital tools through a human-centric task and provide state change information on elemental products. 
Considerations Between Process and Function
When creating a conceptual design functional model for an automation solution, a designer must pull aspects from both the human-centric product and the process. From the product functional model, a designer can extract the core functionality.
The principle functionality or black box functionality will be the same for both the product used in a human-centric process and the automation solution. Thus, a designer can extract the core functionality that completes the desired black box functionality for an automation solution from the product used within the human-centric process. From the process model, designers can extract the human-product interactions including sensing and mobility. Places where human energy is used to achieve the core functionality or event will require an alternate energy source to direct the motion. Also, sensing within a process that is performed by the human will need to be replaced with automated sensors and may require additional processing.
Since the functional model of the automation solution is being developed at the conceptual level, human based interactions may require little change when converted into a functional model for an automation solution. Human energy can simply change to "*" energy to represent the unknown energy source in the conceptual design. Using an unknown energy source in conceptual design allows designers to maintain an open mind when performing concept generation to determine possible design solutions.
It is also probable that the process model will reveal an array of human sensors like the eyes and the skin that obviously cannot exist in an automation solution and must be converted to automated sensing. Sensors, whether in humans or automated devices, also require processing from either a brain, a processor, or simple logic. The application of the signal usage grammars in both the process model and the functional model of the automation solution will keep the functional models of the sensors and their processors uniform from the process to the automation solution, thus designers are only required to change the sensor energy source.
A designer must also take into consideration customer needs and design objectives. As with new product design, there should be a study for customer needs and design objectives. Needs and objectives may change from the product being used in a human process based product to an automation solution, or they may not be met in the original product design and are not captured within the functional model.
METHODOLOGY
The methodology to develop a conceptual functional model for an automation solution is a circular process, as illustrated in Fig. 1 , involving check-back to ensure model integrity toward meeting all customer needs and automation objectives. As a designer begins to work on a conceptual design, it is imperative that the designer determine, explore and understand all customer needs, automation objectives and the current process to be automated. Once a designer fully understands the design task, needs and objectives should be functionally correlated to the current process and tool being employed through the process. Using the gathered functional and process information, a designer should develop an overall black box model of the process to be automated considering the overall functionality and all input/output flows. The black box model is then decomposed into a sub-functional model that considers the overall interactions of flows in the black box model to meet the overall functionality of the process. It is then imperative that the designer considers the originally collected customer needs and automation objectives verifying that the generated models truly meet all requirements. The methodology to develop conceptual automation is formalized as a set of six steps that are to be followed by a designer during the creation of conceptual functional models for automation solutions. The six steps are provided below: by some functionality within the final design solution; if they have not been met, repeat the entire methodology to develop conceptual automation.
APPLICATION
As an application to the methodology for developing conceptual functional models for automation solutions, one of the six processes chosen for the studymopping a floor -will be elucidated, and observations will be expounded upon.
The mopping process investigated is that which utilizes a yarn wet mop, and a single person mopping and will continue for one mopping pass -a single clean to dirty cycle for the wet mop. Once the mopping process is activated, it is repetitive, so it should operate autonomously, mopping a floor until it is out of clean soapy water.
Step 1: The first step in the methodology is to fully understand the design problem from the client's perspective. A designer must meet with the client and discuss what is expected of the final product. The designer during this step is determining the design objectives and customer needs. If this step is taken lightly, the design no matter how sophisticated and functional could still be a failure from the client's perspective. For the mopping process, the design objective is to autonomously mop a floor. The customer needs include the ability for the device to sense the presence of the floor, sense a dirty floor, pick-up and store dirt, mop around obstacles, be safe, and be efficient (thorough without being repetitive).
Step 2: Once the objectives have been established defining what a customer wants to see in an automation solution, a designer must fully investigate the current process and its associated tools. Investigation of the current process allows the designer to become fully aware of what must be automated. Customer needs and objectives can be fully refined, and models generated that can be utilized later in the design process. To investigate the process and its elemental tool, functional and process models are generated utilizing the Functional Basis for a standardized taxonomy. Figure 2 provides the process model for the human-centric process of mopping a floor, and Fig. 3 provides the functional model for a standard mop, which is the associated tool used in the mopping process.
The mopping process as modeled in the process model in Fig. 2 imports a human (material and energy) and a mop (material), which are coupled together. Water (liquid) is coupled with the human/mop and guided along a dirty floor (solid/solid). The dirt is separated from the floor, coupled to the mop, and then cycled back to the mop water. Human sensing of dirt, the floor, and obstacles directs the human to where mopping still is required, and memory is modeled as store, supply, and process status to remember the path thus avoiding redundancy. In the process model, the solid flow, mop, is represented as italicized Mop indicating that it is further modeled at the black box and sub-functional levels. The functional model of the mop, provided in Fig. 3 , focuses on using soapy water (liquid) to separate dirt (solid) from a dirty floor (solid/solid).
FIGURE 2: PROCESS MODEL FOR THE FLOOR MOPPING PROCESS FIGURE 3: FUNCTIONAL MODEL OF A STANDARD MOP
Since the mopping process is human-centric, the process model reveals a high dependency on human interactions. Human energy is used to power the detection of obstacles, dirt, and the mopping path. Also, from the functional model of the mop and the process model, it can be determined that human material and energy are the primary sources for mobility in the mopping process. These human interactions will need to be replaced with automated solutions in the conceptual design.
Step 3: Once the process model and the functional model have been created, the customer specified needs, gathered in step 1, should be mapped to various elements in each model. Those customer needs that are not met by the current process must be attended through the addition of additional functions and flows. For example, the customer need that the automation solution automatically sense a dirty floor would be mapped to a dirt sensor consisting of the function, detect, and the flow, solid. The function chain required for a dirt sensor can be found in the process model generated in step 2. Also, the customer need to avoid obstacles could be mapped to a solid or impedance sensor which would also consist of the function, detect, and the flow, solid, and customer need to be efficient, could be translated to the ability to recall path information which could be mapped to a processor (process status) and memory (store/supply status). Table 3 lists possible function-flow solutions for each of the desired customer needs.
Step 4: During the fourth step, the black box functionality for the automation concept is determined from the black box functionality of the process and its elemental product, and the customer needs are mapped to functions and flows. Figure 4 provides the black box model for the automated mop. Each of the determined flows from the mapping of the customer needs show up as flows entering the black box, and considering the conservation of flow, each flow that enters the black box model leaves in some form. For instance, soapy water and a dirty floor enter the black box model separately, but leave the black box model as dirty, soapy water and a clean floor. Step 5: The fifth step is to decompose the black box model into a more detailed sub-functional model that considers the functional changes of each flow going into and out of the black box model. The aggregation of functions and flows in the sub-functional model combine to meet the overall functionality of the automation solution as outlined by the black box model of the automation solution.
The sub-functional model is built as an aggregation of flow chains from the process model, functional model, and any new flow chains added to meet unattended customer needs. First the core functionality is extracted from the functional model of the human-centric product. Human energy is converted to * energy since it is not known which energy solution the final automation solution will employ. Sensory capabilities determined from the process and functional model of the humancentric process are incorporated into the overall automation solution functional model. Again, places where human energy is used to power a sensor are modeled as * energy since the energy solution is not known. Other functionalities determined from customer needs and represented in the black box model are also added to the aggregated functional model. For the functional model of the automation concept for mopping process, first the core functionality of the mop is extracted. The mop functional model uses human energy for mobility. This human energy is converted to * energy, which not only powers the mobility, but also powers the detectors. The conceptual model includes three detectors, shown in the automated mop conceptual model in Fig. 5 . Detectors determine the presence of dirt, floor, and obstacles. The ability to store information about the automated mop's path is captured with the store status and the supply status functionality, and the dirt detector has the functionality of being able to activate the automated mop's cleaning cycle. The full aggregated conceptual functional model of the automated mop is provided as Fig. 5 .
Step 6: The final step is to verify that all automation objectives and customer needs have been addressed within the conceptual functional model. This involves making sure that each function-flow solution that is mapped to a customer need is included in the automation solution and that all identified objectives are met in the model. Failure to include all required functionality would cause the automation solution to not fully meet customer needs and to conceivably perform improperly. In the case of missing functionality, the designer should return to the original process to determine if the functionality exists. If the functionality exists in the original model it should be aggregated into the new automation concept. Else, a new function-flow chain should be created and the black box model and sub-functional models should be updated.
OBSERVATIONS
The six products chosen for this study were chosen because there currently exists an automation solution for each product, thus allowing for the conceptual functional model for an automation solution to be compared functionally to an existing solution. Each of the six existing automation solutions have been modeled functionally and compared to their corresponding conceptual counterpart.
Detailed Results Between Actual and Conceptual Mopping Solutions
The existing automation solution for the floor mop is a small robot that the user fills with soapy water, sets down upon a dirty floor and then activates. Upon activation, the robot automatically preps, mops, scrubs, and dries floor surfaces. The product solution was studied and modeled functionally, and its functional model is provided as two segments in Fig. 6a and 6b .
The functional model of the actual solution was generated through reverse engineering techniques, where the embodied solution was decomposed and modeled functionally based upon the actual components in the product. Because the functional model was generated through decomposing a physical product, it is far more detailed than a conceptual functional model created during the early product design stage. Because of differences in model detail between the embodied solution's functional model and the conceptual functional model, the similarities and differences are difficult to clearly identify by making direct function-tofunction comparisons. Instead, the functional model for the conceptual automated mop must be compared to the embodied solution by identifying the overall functionality of specific individual systems. Specific individual systems can be rigorously identified by utilizing modular heuristics [20] , or by simply identifying where the overall functionality of a group of functions changes.
Eight specific systems were identified within the conceptual functional model for an automated mop (power; mopping; dirt, obstacle, and floor detection; memory; processing; and mobility), and nine have been identified within the actual solution (power; mopping; vacuuming; dirt, floor, and obstacle detection; processing; mobility; and a manual on/off). Each subsystem has been highlighted with a different color in the actual and conceptual functional models, and the differences are summarized in Table 4 .
The key differences between functional systems of the existing solution and conceptual model are from functionalities not identified as being required in an automated mop and functionalities unrecognized by the customer needs. These include a manual shut off switch and a pre-wash floor vacuum. A pre-wash floor vacuum was not recognized in the customer needs set as a part of the mopping process, thus it was not included in the conceptual functional model. The conceptual functional model, however, does have an automatic dirt sensor that actuates the mopping functionality, thus eliminating the need for a manual on/off switch. This capability is not included in the existing solution, which could be because it was not a part of the customer needs set used by the developers of the existing solution, or because it was omitted from the final design due to technological infeasibility. Energy is the most notable difference between the existing solution and conceptual functional models. The conceptual functional model does not specify an energy type, but instead simply states * energy. This is a reasonable generality to make during the design phase because it forces a designer to consider energy options from multiple domains. The existing solution, however, uses electrical energy stored in the form of batteries. Because electrical energy is the embodied solution, there is additional functionality introduced to the functional model of the existing solution to deal specifically with electrical energy. At further stages in the design process, if electrical energy were chosen as the power source, the extra functionality seen in the existing automation solution would need to be included in the conceptual design.
So while there are several dissimilarities between the existing solution and the conceptual functional model, the differences are not related to the core functions, which address the automation objectives and customer needs established for the automation problem. The core functionality of transferring cleaning solution to a floor, trapping and storing dirt, and cleaning the floor is captured by both solutions. The main differences between the models exist due to the fact that the model of the existing solution is derived from an embodied design, which has not yet been determined for the conceptual functional model.
Results of All Conceptual Modeling Solutions
Each of the six processes chosen for this study have been compared to an existing product solution similar to the floor mopping process. The results from these comparisons are summarized in Table 5 . The results outlined in Table 5 indicate the impact of the method on accuracy predicting an automated solution.
These results fall short of a full statistical validation of the method. One trend apparent in the table is that the percentage of an existing solution captured by concept generally increased as products were modeled and the methodology was refined (the results are listed in the order the products were analyzed). Also, one function that was repeatedly missed was a failure to include the modeling of a manual on/off or activation switch and an emergency kill switch, indicating an importance to note what kind of government standards and customer needs are required for safety and shut offs.
CONCLUSIONS AND FUTURE WORK
With design of automation solutions, designers must generate design solutions spanning engineering domains where elements must synergistically exist independent of the engineering domain. Conceptual design with functional modeling techniques provides A difficulty with using functional modeling methods to generate automation solutions arises due to the natural inclination of a designer to want to consider potential solutions to a design problem, thus causing a conceptual design to be biased based on imagined potential design solutions. For conceptual design of automation solutions this can be particularly devastating to the final design by destroying the ability of functional modeling techniques to represent in an unbiased manner the required design synergy.
With the six step methodology for conceptual automation, a designer can develop a design solution based on design information stored in the process to be automated and the elemental product used within that process.
Prior design information and captured functionality of a process can be extracted functionally and strategically connected eliminating some of the burden that exists in development of a conceptual functional model.
The focus for future work on this research should include further validation and increasing the robustness of the methodology. This research focused more as a proof of concept to show the feasibility of the generation of a conceptual automation solution from a process and its related elemental product. However, it is probable that a designer might want to automate a series of processes with one or more elemental products. To allow for multiple processes and products, the guidelines established would require an extension to allow for this increased modeling scope, and verification tests of multiple processes and products would be required.
Other verification of the guidelines for the generation of conceptual functional models of automation solutions should include case studies where designers familiar with both functional and process modeling techniques would develop conceptual automation solutions to replace a human-centric process and its elemental product without knowing that an automation solution already exists. The generated conceptual functional models could then be matched with the actual functional models of the automation solutions to determine the true usefulness of following the guidelines established in this work.
Final verification of the guidelines should include the generation of a conceptual functional model for a process that does not yet have an automation solution. Once a conceptual functional model is generated, component generation techniques could be employed to determine potential design solutions for the conceptual functional model.
Once component solutions are developed, an actual automation solution should be built proving the entire conceptual design method for automation solutions.
